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Pyrolytically grown arrays of highly aligned B xCyNz nanotubes
Wei-Qiang Han, John Cumings, and Alex Zettla)
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~Received 12 December 2000; accepted for publication 5 March 2001!

A pyrolysis route has been used to synthesize arrays of highly aligned BxCyNz nanotubes in bulk.
The structure and composition of the product were characterized by scanning electron microscopy,
high-resolution transmission electron microscopy, and electron energy-loss spectroscopy. The
length and diameter of the nanotubes are quite uniform in a large area of the reaction zone. The sizes
of the aligned BxCyNz nanotubes from the whole reaction zone are 10–30mm in length and 20–140
nm in diameter. Thex/z ratio of BxCyNz nanotubes for most nanotubes is about 1:1. Thex/y ratio
of BxCyNz nanotubes is up to 0.6. Within one nanotube, thex/y ratio is usually heterogeneous. The
growth mechanism is also discussed. ©2001 American Institute of Physics.
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Pure carbon nanotubes show a variety of electronic
haviors from metallic to semiconducting, depending on co
position, chirality, and diameter.1 However, the systematic
application of these varied electronic properties is prese
difficult. Synthesis of B- and/or N-substituted nanotubes
possibly one method to control the electronic properties
nanotubes in a well-defined way. The experimental verifi
tion of the existence and the electronic properties of s
hetero nanotubes is a topic of current research.2–14 Among
the possible applications, BxCyNz nanotubes are predicted a
possible candidates for nanosized electronic and photonic
vice with a large variety of electronic properties since the
nanotubes are energetically stable.3

Alignment of nanotubes is important to enable both fu
damental studies and applications, such as scanning pro
sensors, cold cathode flat panel displays, and nanoelec
ics. Recently, Shelimovet al.15 reported the formation of BN
nanotubules arrays by pyrolyzing 2-, 4-, 6-trichloroboraz
over porous anodic alumina templates and coaxial C/BN
nanotubes arrays by the sequential pyrolysis of acetylene
trichloroborazine over alumina templates. However, the
ameter ranges from 270 to 360 nm and the wall thicknes
about 110 nm. Recently, Baiet al.16 have reported the for
mation of alignedB–C–N nanotubes, which show blue
violet photoluminescence, by bias-assisted hot filam
chemical vapor deposition from the source gases of B2H6,
CH4, N2, and H2. The diameters of these nanotubes are ag
very large and range from 50–260 nm. Pyrolysis of orga
metallic precursors such as metallocenes and iron penta
bonyl have been carried out under a variety of conditions
synthesize aligned carbon and aligned nitrogen doped ca
nanotubes.11,13,14,17–19

In the present study, we describe the use of a pyroly
route which combines pyrolization of a mixture of ferroce
and melamine and vaporization of molten boron oxide un
ammonia atmosphere for large scale fabrication of array
highly aligned BxCyNz nanotubes with uniform length an
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small diameter. Uniform aligned nanotubes with thin dia
eter have great advantages for possible applications, suc
field emission.

In order to prepare the aligned BxCyNz nanotube arrays
a two-stage furnace system fitted with temperature cont
lers was employed.7,14 The flow rate of gases was controlle
by using mass flow controllers. A~1:2:0.2! mixture ~by
weight! of powdered ferrocene@bis~cyclopentadienyl!iron,
~C2H5!2Fe, Aldrich 98%#, melamine~C3H6N6, Fluka 99%!
and boron oxide~B2O3, 99.99%! was divided into two equa
portions and placed side by side in a quartz tube~inner di-
ameter 9 mm!. The furnace was set to 1050 °C with amm
nia flowing through the tube at 20–30 sccm. The quartz tu
was placed so that one portion was inside the furnace and
other was upstream, outside the furnace. After 3 min,
flow rate was increased to 100 sccm in order to blow
second portion into the furnace. The flow rate was then
duced to 20–30 sccm again, and the temperature was
creased rapidly to 1150 °C and maintained for 15–20 m
The system was then allowed to cool to room temperat
and soot-like deposits were collected from the quartz tu
The resulting sample was characterized by scanning elec
microscopy~SEM! using a JEOL JSM-6340 field emissio
microscope, high-resolution transmission electron micr
copy~HRTEM! using a Philips CM200 FEG equipped with
parallel electron energy-loss spectroscopy detector~EELS,
Gatan PEELS 678!.

To reveal the growth process of the aligned nanotub
SEM was used to examine the general morphology. In F
1~a! and 1~b!, we show the typical SEM images of th
aligned nanotubes. The low magnification image in Fig. 1~a!
shows bundles of highly aligned nanotubes. The length
diameter of the nanotubes are quite uniform in a large are
the reaction zone. The sizes of the aligned BxCyNz nanotubes
from the whole reaction zone are 10–30mm in length and
20–140 nm in diameter. In preparation for SEM, the nan
tube material naturally breaks along the direction of t
aligned nanotubes. The high magnification image in Fig. 1~b!
clearly reveals a high density of aligned nanotubes at
edge of one of these fractures.
il:
9 © 2001 American Institute of Physics
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TEM investigation shows the nanotubes possess irre
lar bamboo-like morphologies with wide core diameters
shown in Fig. 2~a!. HRTEM reveals that the thin tube wall
are composed of graphitic layers, which make up the stac
bamboo-like tubules@Fig. 2~b!#. The interplanar spacing o
nanotubes is;0.34 nm. The microstructure of these align
nanotubes is similar to that of aligned CNx nanotubes re-
ported elsewhere.14 Iron nanoparticles are frequently foun
in the tip of nanotubes.

EELS characterizations of theK-edge absorption for bo
ron, carbon, and nitrogen were used to estimate the sto
ometry of the nanotubes. Spectra were obtained using a
5–10 nm probes. A typical EELS spectrum from an in
vidual nanotube is shown in Fig. 3~a!. Three distinct absorp
tion features are revealed, starting from 188, 284, and
eV, corresponding to the known B-K, C-K, and N-K edges,
respectively. The B/C and N/B atomic ratios of the nanotu
were 0.55 and 0.90, respectively. Figure 3~b! shows EELS
spectra recorded at four locations along the nanotube sh
in Fig. 2~a!. The spectrum at the tip is labeled a, and t
other spectra along the tube are labeled b, c, and d. E
measurements reveal that the B/C and N/C atomic ratios
0.40 and 0.37 in a. The B/C and N/C atomic ratios in b,
and d are 0.26–0.18, 0.38–0.26, and 0.23–0.23, respecti
The heterogeneous composition within a nanotube could
caused by the nonuniform atmosphere around the gro
region of nanotubes. Taking into consideration the exp
mental error of about 10% due mainly to background s
traction when the EELS spectra are analyzed, thex/z ratio of
BxCyNz nanotubes for most nanotubes is about 1:1. This s
gests that B and N radicals prefer to incorporate into
network of the nanotubes in the ratio of 1:1. Thex/y ratio of
BxCyNz nanotubes is up to 0.6.

FIG. 1. ~a! Low magnification SEM image showing a general view of t
bundles of the aligned BxCyNz nanotubes and~b! high magnification SEM
micrograph revealing a high density of aligned nanotubes.
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Around 20% of the nanotubes contain thex/y ratio of higher
than 0.01.

Omission of ferrocene in our initial pyrolysis experime
results in no nanotubes in the product, which supports
crucial catalytic role of ferrocene. Omission of melamine
our initial pyrolysis experiment results in the formation
aligned nanotubes, but thex/y ratio is less than that of ou
initial aligned BxCyNz nanotubes. This suggests melamin
which thermally decomposes into CN radicals at high te
perature, plays an important role for the synthesis of h
quality BxCyNz nanotubes. Control experiments with th
same experimental conditions as reported above, ex
where the ammonia atmosphere was replaced by nitro
were also performed. The results are primarily aligned c
bon nanotubes and only small amounts of BxCyNz nano-
tubes. This suggests that N2 is not efficient enough for the
formation of high quality BxCyNz nanotubes at present low
temperature. This shows that the formation ofB–C–Nbonds
within the BxCyNz nanotubes from a NH3-containing gas
phase at low temperature is feasible similar to the case
which NH3 has proved efficient in the preparation of Ga
nanorods19 and CNx nanotubes.14 If the annealing time is
increased~e.g., 1 h!, the product has a more ordered stru
ture, but thex/y ratio of BxCyNz nanotubes was unchange

FIG. 2. ~a! TEM image showing the nanotubes possess irregular bamb
like morphologies with wide core diameters. Labels a, b, c, and d are
locations along a nanotube where EELS spectra were recorded and~b! HR-
TEM reveals that the thin tube walls are composed of graphitic lay
which make up the stacked bamboo-like tubules.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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In a previous study of BxCyNz nanotubes synthesized b
pyrolysis of CH3CN.BCl3 at ;900– 1000 °C over Co
powder,7 it was reported that the concentration of carbon
their tips was greater than in the rest of the length. It w
suggested that carbon first agglomerates at the catalytic
ticle and that incorporation of boron and nitrogen into t
sp2 networks occurs subsequently.7 This prediction is not
suitable for the present study. Our result shows that the
corporation of C, B, and N into the network of the nanotub
might be continuous through the entire growth.

The growth mechanism employed for the synthesis
aligned BxCyNz nanotubes by the present route is propos
with the following process. After the mixture of ferrocen
melamine, and B2O3 was moved to the high temperatu
zone of the first furnace from the cold zone, both ferroce
and melamine were sublimed at high temperature and w
carried by the ammonia gas into the second furnace. Me
while, the boron oxide melted, as its melting point is abo
450 °C. Boron oxide vapor was carried by ammonia gas i
the second furnace. Upon the decomposition of ferroce
iron particles, surrounded by carbon, CN radicals, nitrog
and boron oxide, formed on the surface of quartz tube. S
regation of Fe then occurs, leading to an increase in the
of the catalytic center.20 Once the Fe particle reaches a
optimal size for nanotube nucleation,21 the surrounding car-
bon, nitrogen, and boron oxide transform into a BxCyNz

FIG. 3. ~a! Typical EELS core electronK-shell spectrum taken from an
individual nanotube of aligned BxCyNz nanotubes and~b! a comparation of
EELS spectra recorded from four locations along the nanotube indicate
Fig. 2~a!.
Downloaded 16 May 2001 to 128.32.212.22. Redistribution subject to A
t
-

ar-

n-
s

f
d

e
re
n-
t
o
e,
n
g-
ze

nanotube. By blowing the mixture of ferrocene, melamin
and boron oxide into the furnace, the BxCyNz nanotubes
grow continuously.

To summarize, uniform arrays of highly aligned BxCyNz

nanotubes have been prepared by a new route, which
sists of pyrolysis of organic reagents and vaporization
molten inorganic reagents. Using this route, aligned BxCyNz

nanotubes might also be grown on other substrates. The
erogeneous composition within one BxCyNz nanotube im-
plies that these aligned nanotubes might be used as alig
one dimension heterojunctions or superlattices, although h
to precisely control the composition of the aligned BxCyNz

nanotubes still remains a challenge.
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